We enter the multi-stability regime of an optical microresonator to generate heteronuclear soliton molecules. Ultrafast electro-optical sampling reveals the bound structures of such soliton molecules, despite comprising solitons of dissimilar amplitudes, durations and frequencies.
Soliton molecules are closely bound states of solitons that arise from the balance between attractive and repulsive forces. Having been observed in systems ranging from optical fibers to mode-locked lasers, they provide insights into the fundamental interactions between solitons and the underlying dynamics of the nonlinear systems [1] [2] [3] . Yet to date, such soliton molecules have never been observed for dissipative Kerr solitons (DKS) in microresonators [4] , which can form optical frequency combs (also referred to as microcombs) with small footprints and high repetition rates [5] . In this work we use two laser fields with discrete frequencies to pump a magnesium fluoride (MgF 2 ) microresonator. As shown in Fig. 1 (a) , two sets of microcombs with identical repetition rate can be generated in the same mode family (resonance bandwidth ∼200 kHz) in an optical resonator that is driven by both a laser and a sideband with a small frequency offset (∼ 20 MHz). Our numerical simulations (see Fig. 1 (b) ) based on a single modified Lugiato-Lefever equation [6] show that such discrete pumping scheme allows us to enter the multi-stability regime that is usually inaccessible to monochromatically pumped microresonators [7] . In the regime of multi-stability, two dissimilar soliton states can coexist, and form stable bound states with very short inter-soliton separations due to the effects of high-order dispersion and cross phase modulation.
We carry out experiment, using a phase-modulated 1550-nm laser to pump the MgF 2 resonator. Various superpositions of microcomb patterns are observed, indicating the coexistence of two dissimilar soliton states. As an example, Fig. 2 (a) presents the optical spectrum of a soliton molecule that is comprised of a single-soliton state driven by the laser and a dual-soliton state driven by the high-frequency sideband. The corresponding simulated temporal profile of the soliton molecule is plotted in Fig. 2 (b) , showing a sub-picosecond inter-soliton separation. We utilize an electrooptic comb to sample the soliton molecules by recording the dual-comb interferograms [8] . Due to the frequency offset of the sideband-driven microcomb, we are able to separate the interferograms of the two dissimilar soliton states in the time domain (Fig. 2 (c) ). As a result the inter-soliton separations between two dissimilar soliton states can be measured with resolution that is much shorter than the pulse width of the electro-optic comb. The dual-comb measurement yields satisfactory agreement with theoretical predictions. We further measure the repetition rate of the soliton molecules, showing only one frequency that is commensurate with the free spectral range of the resonator. We also use an auxiliary ultrastable laser to simultaneously measure the frequency stabilities of two comb teeth that belong to the laser-driven soliton state and the sideband-driven soliton state respectively. The results show a high frequency coherence between the two comb teeth whose frequencies differ by the sideband frequency offset. These measurements corroborate our observation of the bound structure of the heteronuclear soliton molecules.
